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Abstract

In situ surface X-ray scattering (SXS) measurements have been performed to determine the surface structure of

Pt3Sn(1 1 1) in sulfuric acid electrolyte. Potentiodynamic measurements indicate that the ultra high vacuum (UHV)

prepared p(2 · 2) alloy surface structure is stable upon transfer to electrolyte and remains stable during subsequent
cycling of the applied potential. A detailed structural study by crystal truncation rod (CTR) analysis shows that the

surface layer of Pt and Sn atoms undergoes an expansion of �2% of the (1 1 1) layer spacing at low potential (0.05 V vs.
reversible hydrogen electrode) in CO-free electrolyte. At 0.55 V the expansion of the Pt atoms is reduced to �0.6%,
whereas the Sn atoms are expanded by �6% of the layer spacing. The potential-induced buckling of the surface layer is
also observed in CO-saturated electrolyte and is a precursor to Sn dissolution which occurs at �1.0 V, causing irre-
versible roughening of the surface.

� 2003 Elsevier B.V. All rights reserved.

Keywords: X-ray scattering, diffraction, and reflection; Catalysis; Surface relaxation and reconstruction; Alloys; Solid–liquid interfaces
1. Introduction

Recent studies have shown that bimetallic alloy

surfaces can enhance the oxidation of CO and
small organic molecules due to a combination of

bifunctional and electronic (or ligand) effects. Bi-

nary alloys composed of platinum and an elec-

tropositive metal are of interest since they often
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form compounds with ordered structures at char-

acteristic bulk compositions and may have ordered

surface structures with unique catalytic properties.

The existence of both metals at the surface can
greatly affect the catalytic and adsorptive processes

occurring at the interface in comparison to a pure

Pt electrode. The study of Pt3Sn as a model

electrocatalyst is, therefore, an important step to-

wards the fundamental physical understanding of

catalysis by alloys, particularly as it has one of the

highest catalytic activities for CO electrooxidation

recorded to date [1]. Whilst Pt3Sn has been inves-
tigated theoretically [2,3] and in ultra high vacuum
ed.
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Fig. 1. (a) Cyclic voltammetry of Pt3Sn(1 1 1) in 0.5 M H2SO4,

(b) p(2 · 2) surface structure with Pt surface atoms represented
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(UHV) [4–8] there has been no in situ surface

atomic structure characterisation exploring surface

reactions at the interface and how they govern the

surface structure.

In this letter we describe an in situ surface X-ray

scattering (SXS) study of the Pt3Sn(1 1 1) electrode
in sulfuric acid solution. Potentiodynamic mea-

surements involving the monitoring of X-ray dif-

fraction features due to the Pt3Sn(1 1 1) structure

during cycling of the applied potential have been

performed to determine the potential window of

stability of the surface and to follow the potential

dependence of the outermost atomic layer expan-

sion. Further to this a detailed characterisation of
the surface structure at fixed potentials of interest

is presented in the form of crystal truncation rod

(CTR) analysis, with and without carbon monox-

ide adsorbed on the surface. Results obtained in-

dicate that the p(2 · 2) surface structure shown in
Fig. 1(b), which is simply the bulk termination of

the alloy and is prepared under UHV conditions,

can be transferred to an electrochemical environ-
ment and remains stable when subsequently cy-

cling the potential from the onset of hydrogen

evolution to the onset of Sn dissolution. This

structural model reveals the surface relaxation that

occurs during the adsorption/desorption of hy-

drogen, sulfate molecules, carbon monoxide and

the onset of Sn dissolution.

by white circles and Sn atoms as black circles, (c) X-ray vol-

tammetry (XRV) measured at (1, 0, 3.7) and (1, 0, 4.3), posi-

tions which are sensitive to surface expansion effects in 0.5 M

H2SO4 and (d) XRV measured in CO-saturated electrolyte at

the ‘‘anti-Bragg’’ position (0, 1, 0.5) showing reversible poten-

tial-dependent changes until the surface is irreversibly rough-

ened above 0.9 V (inset).
2. Experimental details

The preparation of the Pt3Sn(1 1 1) single crys-

tal (miscut < 0.2�) was performed under UHV

conditions by continued cycles of sputtering and

annealing until a clean surface is produced [9].

Low energy electron diffraction patterns showed
the characteristic p(2 · 2) structure consistent with
bulk termination of the (1 1 1) crystal surface. For

transportation purposes the crystal was trans-

ferred from the UHV chamber into clean deaer-

ated water. Under these conditions the surface

remains free from contaminants as confirmed both

by emersion back into the UHV environment and

by the electrochemical response of the surface
which is sensitive to impurity concentrations. The

crystal was then transferred to the electrochemical
X-ray cell [10] with a drop of ultra pure water

protecting the surface and was immersed at open

circuit potential in 0.5 M H2SO4. The experimental

procedure followed that of similar experiments
reported previously [10–12]. X-ray measurements

were performed on beamline 7–2 at the Stanford

Synchrotron Research Laboratory (SSRL) using

a 10 keV X-ray beam, defined by slits to be a

1 mm · 1 mm spot incident on the sample. The

in-plane resolution of the diffractometer was de-

fined by Soller slits to be �0.005 �AA�1. Additional

measurements were performed on the XMaS
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beamline (BM28) at the European Synchrotron

Radiation Facility (ESRF) [13]. The crystal was

indexed to a conventional hexagonal unit cell for a

fcc (1 1 1) surface, e.g. Pt(1 1 1), where the surface

normal is along the (0, 0, l)hex direction and the (h,
0, 0)hex and (0, k, 0)hex directions lie in the surface
plane. The lattice parameter of Pt3Sn(1 1 1) was

taken as 3.993 �AA, as determined during the X-ray
diffraction experiments. The alloy superlattice

gives rise to additional scattering features at half-

integer (h k l) positions compared to a single crys-
tal fcc metal, as will be discussed below in relation

to the CTR data. The outer chamber of the X-ray

cell was continuously purged with nitrogen to
protect the Pt3Sn surface from oxygen. For mea-

surements of CO adsorption and oxidation the

outer cell was purged with high purity CO (Mat-

hieson, 99.999% purity) which can diffuse into the

electrolyte. The reference electrode used in the X-

ray cell was a saturated calomel electrode, however

all potentials in this paper are quoted vs. the re-

versible hydrogen electrode.
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Fig. 2. Crystal truncation rod (CTR) data for the Pt3Sn(1 1 1)

surface with the applied potential held at 0.05 V. The p(2 · 2)
superlattice gives rise to fractional order CTR�s (right), at half
integer positions. The solid line is a best fit to the data allowing

for independent relaxation of the surface Pt and Sn atoms.
3. Results and discussion

A representative cyclic voltammogram for the

Pt3Sn(1 1 1) surface in 0.5 M H2SO4 is shown in

Fig. 1(a). The potential region from �0.05 to 0.2 V
corresponds to hydrogen adsorption/desorption
onto the surface Pt adsorption sites. In the po-

tential region �0.35–0.6 V a reversible feature is
observed which has been assigned to the adsorp-

tion/desorption of bisulfate anions on Pt sites on

the basis of Fourier Transform Infra Red Spec-

troscopy measurements [14]. In these measure-

ments the upper potential limit was restricted to

0.6 V in order to prevent Sn dissolution. Having
reproduced the cyclic voltammetry shown in Fig.

1(a) in the X-ray cell, it is possible to proceed with

X-ray measurements confident that the electrolyte

is free from contamination. The potential depen-

dence of the Pt3Sn(1 1 1) electrode surface was thus

monitored by X-ray voltammetry (XRV). Fig. 1(c)

shows the change in diffracted intensity at two re-

ciprocal lattice positions, (1, 0, 3.7) and (1, 0, 4.3),
on the (1, 0, l) CTR. These positions are chosen as
they are typically sensitive to lattice surface ex-
pansion effects; surface expansion causes an

asymmetry in the intensity around the (1, 0, 4)

Bragg reflection and so an increase in the intensity

at (1, 0, 3.7) is accompanied by a decrease at (1, 0,

4.3) and vice versa [15]. As the potential is cycled

from 0.05 to 0.55 V there is a decrease in the in-
tensity at (1, 0, 3.7) with a corresponding increase

in the intensity at (1, 0, 4.3). Such behavior is

consistent with a change in the expansion of the

surface Pt and Sn atoms as observed previously for

pure Pt single crystal electrodes [15].

To characterize the surface expansion indicated

by the XRV results in Fig. 1(c), a detailed surface

X-ray diffraction study was performed. This in-
volved measurement and modeling of the CTR�s
that arise due to the termination of the bulk lattice

[16]. As a result of a doubling of the conventional

fcc unit cell size due to the alloy there are both

half-integer and integer CTR�s. Fig. 2 shows the
CTR data measured at 0.05 V. The data points

shown as circles represent background-subtracted
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Fig. 3. Structural model of the Pt3Sn(1 1 1) surface used for

modeling the CTR data. The structural parameters included for

the best fit allow for independent variation in the surface atomic

layer expansions (eSn, ePt), coverage (hSn, hPt) and roughness
(rSn, rPt). The surface expansion is exaggerated for clarity.
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Fig. 4. Ratio plots of CTR data, i.e. I0:55V=I0:05V. The solid line
is a best fit to the ratio data set allowing variation in the surface

atomic layer expansions, coverage and roughness (see text for

details).
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integrated intensities obtained from rocking scans

at each point, l, along the CTR�s. The solid line
through the data points corresponds to a best fit to

the data using the structural model shown in Fig.

3. The CTR data are modeled using kinematical

X-ray diffraction theory [16,17] whereby the fcc

(1 1 1) unit cell is doubled in size to match the unit

cell of Pt3Sn(1 1 1). The best fit to the CTR data
was obtained using a least-squares method in

which the variable structural parameters were the

surface atomic layer expansion (eSn, ePt), surface
coverage (hSn, hPt) and surface roughness (rSn, rPt).
The fit parameters obtained have been summa-

rized in Table 1. Fits to the data at 0.05 V indicate

that adsorption of hydrogen on the surface at this

potential has caused the Pt atoms to expand by
2.3% of the (1 1 1) layer spacing whereas the sur-

face Sn atoms are expanded by 1.8%. These values

are similar to the surface expansion observed with

a pure Pt(1 1 1) single crystal in the hydrogen ab-

sorption region [11]. The CTR measurements were

repeated at 0.55 V producing data that was very

similar to that shown in Fig. 2. At this potential

hydrogen adsorbed on the surface has been re-
placed by sulfate anions. Shown in Fig. 4 is the
Table 1

Best fit parameters obtained from analysis of CTR data taken at 0.05

parameters deduced for the surface atomic layer expansion (eSn; ePt), re
are shown along with their associated error

ePt (%) eSn (%) hPt

N 0.05 V 2.3± 0.5 1.8± 0.4 0.60±

0.55 V 0.6± 0.4 6.5± 0.8 0.62±

CO 0.05 V 1.5± 0.4 1.6± 0.4 0.59±

0.55 V 1.5± 0.4 5.1± 0.5 0.61±
ratio of the diffracted intensity of the CTR data set

at 0.55 V to that at 0.05 V. The asymmetry around

the position of the Bragg peaks visible on the plot

is indicative of changes in the surface expansion.

The ratio data set was modeled allowing for vari-

ation in the same structural parameters used for

the CTR data. The best fit to the ratio data set (see
Table 1) indicated that, while there is no change in

the surface coverage and roughness of the Pt and

Sn atoms, the expansion of surface Pt is reduced to

0.6%. In contrast to this, the surface Sn atoms

undergo a large expansion of (0.15 ± 0.02 �AA) or
V and 0.55 V in CO-free and CO-saturated electrolyte. The fit

lative surface coverage (hSn; hPt) and surface roughness (rSn; rPt)

hSn rPt (�AA) rSn (�AA)

0.03 0.20± 0.03 0.11± 0.02 0.31± 0.04

0.02 0.22± 0.01 0.12± 0.01 0.33± 0.01

0.03 0.20± 0.03 0.13± 0.02 0.29± 0.04

0.02 0.18± 0.01 0.14± 0.01 0.24± 0.01
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6.5% of the bulk lattice spacing. This shows that at

positive potential the surface becomes increasingly

buckled as the Sn atoms expand outwards.

It is now well established that Pt3Sn is one of the

best catalysts for bulk CO electrooxidation, having

a positive reaction order with respect to CO partial
pressure. Due to the wide potential region over

which CO oxidation occurs on Pt3Sn(1 1 1), it is

impossible in the polarization curve for CO oxi-

dation to isolate the possible contribution of Sn

dissolution from the surface. As shown above,

CTRmeasurements are sensitive to the termination

of the Pt3Sn lattice and can therefore be used to

examine the stability of the surface during the ad-
sorption and oxidation of CO. With a constant

overpressure of CO in the cell, CO displaces hy-

drogen from the surface Pt atoms as observed on

the pure Pt(1 1 1) electrode [12]. At 0.05 V CO was

strongly adsorbed onto Pt(1 1 1), forming a com-

pact p(2 · 2)-3CO overlayer and causing a large

(4%) expansion of the surface atoms. In the case of

Pt3Sn(1 1 1) we were unable to observe any dif-
fraction peaks due to an ordered CO adlayer.

Furthermore, CTR measurements (not shown

here) gave an identical expansion of the surface Pt

and Sn atoms by 1.5% of the (1 1 1) layer spacing. If

the Pt expansion is proportional to the strength of

adsorption of CO then this implies that CO is only

weakly adsorbed on Pt3Sn(1 1 1). This proposition

is in agreement with recent theoretical calculations
which showed that the binding energy of CO on

Pt3Sn(1 1 1) was 0.2 eV lower than on Pt(1 1 1) [3].

XRV measurements were performed as the

electrode potential was cycled from 0.05 to 0.55 V

in CO-saturated electrolyte and the results were

similar to those shown in Fig. 1(c) although the

potential-dependent changes in the X-ray intensi-

ties were considerably smaller than in CO-free
electrolyte. CTR data were measured at 0.55 V and

a fit to a ratio data set (as in Fig. 4) gave an ex-

pansion of the surface Pt atoms by 1.5% (identical

to that observed at 0.05 V), whereas the surface Sn

atom expansion was similar to that observed in

CO-free solution. There were no other significant

changes in the fit parameters. At 0.55 V it is ex-

pected that the surface is still populated with CO
due to continuous adsorption from the CO-satu-

rated electrolyte (the steady state coverage is un-
known but the current for CO oxidation implies

continuous adsorption of CO). Fig. 1(d) shows the

XRV measured at (0, 1, 0.5), an �anti-Bragg� po-
sition which is sensitive to the surface termination

of the Pt3Sn lattice, as the potential was cycled up

to 0.95 V. The solid and dashed lines show that
there is a continuous reversible change in the X-

ray diffraction over this potential range. Upon

cycling to more positive potentials (>1.0 V),

however, the diffracted intensity reduces greatly, as

shown inset to Fig. 1(d). This is due to dissolution

of Sn from the surface which leads to irreversible

roughening of the electrode. The XRV measure-

ments demonstrate that the Pt3Sn(1 1 1) surface is
stable up to 0.95 V during the electrooxidation of

CO. Consequently, the current measured in the

polarization curve [1] is entirely due to the oxida-

tion of CO (the current due to OH adsorption is

negligible contributing to pseudocapacitance ra-

ther than giving faradaic curves).

In summary, a detailed in situ characterisation

of the Pt3Sn(1 1 1)/electrolyte interface using sur-
face X-ray diffraction techniques has been pre-

sented. The results indicate that it is possible to

prepare a good quality alloy surface in UHV and

preserve the surface structure during transfer to

an electrochemical environment. Potentiostatic

structural studies by CTR analysis have shown

that hydrogen adsorption onto the Pt atoms (at

0.05 V) induces a �2% expansion of the Pt3Sn
surface layer. At positive potential (0.55 V), with

sulfate adsorbed on the surface, the surface be-

comes increasingly buckled with the Sn surface

atoms moving outwards by 6.5% of the lattice

spacing. Similar results are also observed in CO-

saturated electrolyte. Remarkably the Pt3Sn(1 1 1)

surface is stable up to 0.95 V in CO-saturated so-

lution. The buckling of the surface layer is a pre-
cursor to dissolution of Sn into the electrolyte.
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